Abstract: Oligopeptide transporters (OPTs) are believed to transport broad-ranges of substrates across the plasma membrane from the extracellular environment into the cell and are thought to contribute to various biological processes. In the present study, 13 putative OPTs (Gl-OPT1 to Gl-OPT13) were identified through extensive search of Ganoderma lucidum genome database. Phylogenetic analysis with OPTs from other fungi and plants indicates that these genes can be further divided into five groups. Motif compositions of OPT members are highly conserved in each group, indicative of functional conservation.
The OPT family, favoring the transport of tetra-and pentapeptides and glutathione, was first characterized in yeast (Lubkowitz et al. 1997) . Other OPT genes have also been identified in archaea, bacteria (Yen et al. 2001) , fungi (Lubkowitz et al. 1998 ) and plants (Koh et al. 2002) , but not found in animals (Lubkowitz 2006) . OPT proteins appear to have diverse biological functions. OPT2 from the budding yeast, localized to the peroxisomes, has been reported to associate with glutathione redox homeostasis and drug detoxification (Elbaz-Alon et al. 2014) . The coding sequence of AtOPT4 was expressed in a Saccharomyces cerevisiae sulfur amino acid auxotrophic mutant strain and the protein conferred growth in the presence of GSH as the sole sulfur source as well as sensitivity to of the secondary metabolism and growth development of this fungus have been conducted (Ren et al. 2013; Xu et al. 2012) . Despite these studies, the secondary metabolisms of G.
lucidum, including the ganoderic acids (GAs) biosynthesis pathway (Xu and Zhong 2012), are still poor understood.
Addition of methyl jasmonate induces GAs production in G. lucidum, corresponding with the up-regulation of the OPT gene (TDF187) (Ren et al. 2013) . This suggests that
OPTs may be involved in GAs biosynthesis. In this study, we first report the identification and characterization of 13 putative OPT genes in G. lucidum following a genome-wide search. Next, a detailed analysis of sequence homologies and gene organizations of Gl-OPT genes are presented. In addition, conserved motifs and expression patterns under various forms of environmental stress were also investigated. These results provide insights on the molecular basis of peptide transport, which will be useful for further functional investigations, facilitating a better understanding of molecular metabolic mechanisms in G.
lucidum.
proteins. Additional searches were also performed using a keyword query. Obtained sequences were further confirmed using the CDD (Conserved Domain Database) (Marchler-Bauer et al. 2009; Marchler-Bauer et al. 2011) 
RNA extraction and real-time RT-PCR analysis
Total RNA was extracted using the Trizol reagent (Invitrogen) according to the manufacturer's instructions. cDNA was synthesized from 1.5 µg of total RNA using a reverse transcription kit (TaKaRa), and synthesized cDNAs were used as templates in the following PCR reactions.
RT-PCR was performed in a 10 µL reaction volume containing 12.5 ng cDNA, 5µL
SsoFast™ EvaGreen® Supermix (Bio-Rad, USA), 400 nM of each primer, and nuclease-free water to a final volume of 10 µL. Primers used in RT-PCR are shown in Gl-OPT proteins exhibited a 100% probability of being localized to the plasma membrane.
Gl-OPT2 and Gl-OPT4 are likely localized to membranes such as the endoplasmic reticulum or peroxisome.
Analysis of Gl-OPT phylogeny and gene structures
In order to examine the relationships among OPT genes, we created a phylogenetic tree with sequences of Gl-OPT genes and those of OPT genes from other species. Some fungi and plant OPT genes have been found experimentally to transport oligopeptides or metal chelates (Fig. 1) . The results show that OPT genes can be classified into five groups according to their phylogenetic relationships, and these have been designated Groups 1-5.
Two OPT proteins from plants (OsOPT1 and AtOPT1) were grouped together (Group 2).
Group 3 includes OPTs from C. albicans and S. cerevisiae, which belong to the basidiomycota. Most members in Group 3 have been demonstrated to be involved in peptide transport (Hauser et al. 2000; Lubkowitz et al. 1997; Reuss and Morschhauser 2006) . OPT proteins in the other three groups are those that originate from ascomycota and basidiomycota.
Comparative analysis of gene structures may provide clues for understanding the evolution of gene families. Thus, exon-intron boundaries for the 13 Gl-OPT genes were compared. As shown in Fig. 2 , with the exception of Gl-OPT4, which contains 33 exons, Gl-OPT genes contain fewer than 20 exons. Our phylogenetic analysis indicates that genes D r a f t that are grouped together usually possess similar gene structures. For example, the stretch from the third to the fifth exons is identical in Gl-OPT3 and Gl-OPT5, as evidenced by identical exons that are connected by slashes in Fig. 2b . Not only are intron positions shared, but intron phases are also shared between some Gl-OPT genes. For example, Gl-OPT 8 and Gl-OPT 13 share virtually identical introns positions and phases.
Conserved domains and motifs of OPT proteins
CCD analysis was used to identify structurally conserved domains in OPT proteins.
However, this type of analysis is unable to recognize smaller, individual motifs and those with more divergent patterns. Thus, MEME (http://meme.sdsc.edu) (Bailey et al. 2015 ) was used to study the diversification motifs in Gl-OPT proteins. As a result, ten distinct motifs were identified in these proteins (Table 2) 
Analysis of Gl-OPT expression during various developmental stages
In order to better understand the potential roles of OPT genes in G. lucidum, the expression patterns of each Gl-OPT gene during various growth stages, including in the mycelium and fruiting body, were monitored by real time RT-PCR. The transcript levels of RPL4, which is expressed at stable levels under various fermentation conditions and in different tissues, was used as internal control (Xu et al. 2014) . Genes, whose expression levels exhibited at least a two-fold increase or decrease under various conditions, were considered to be up-or down-regulated in response to stress. Quantitative data revealed that no transcripts were observed for Gl-OPT6, Gl-OPT7, Gl-OPT8, or Gl-OPT9, while the transcripts of all other Gl-OPTs were detectable in both of the two growth stages. All of these genes, exhibited distinct but partially overlapping expression profiles (Fig. 3) . Among the detectable transcripts, Gl-OPT4 and Gl-OPT11 were abundantly expressed, while
Gl-OPT10 exhibited a relatively low expression level. Transcript levels of Gl-OPT1, Gl-OPT2, and Gl-OPT11 were 1.9, 3.4, and 3.9 times higher, respectively, in the mycelium stage than in the fruiting body. In contrast, the transcript levels of Gl-OPT3, Gl-OPT4, Gl-OPT10, and Gl-OPT12 were 13.9, 2.5, 3.2, and 5.3 times higher in the fruiting body than in the mycelium. Gl-OPT5 and Gl-OPT13 exhibited relatively similar expression levels in both the mycelium and fruiting body stages, suggesting that then may have multiple functions in G. lucidum or that they may be involved in housekeeping functions during G. lucidum growth and development.
D r a f t

Analysis of Gl-OPT expression in response to nutrient stress
In order to gain insight into the transcription of Gl-OPT genes under nutrient-stress conditions, transcript levels in the presence of low concentrations of carbon and nitrogen
were assessed by RT-PCR. Because fermentation time can also affect metabolic products, the mycelium was sampled at two time points (15 d and 30 d). Except for Gl-OPT7, Gl-OPT8, and Gl-OPT9, for which no transcripts were detected, all other Gl-OPTs exhibited altered expression profiles (Fig. 4) under low carbon or nitrogen treatment.
Under low carbon conditions, Gl-OPT2, Gl-OPT3, and Gl-OPT10 were up-regulated on day 15, while Gl-OPT1, Gl-OPT6, and Gl-OPT11 were down-regulated. These expression changes were most conspicuous in Gl-OPT1 and Gl-OPT3. Gl-OPT3 was six times more highly expressed, while Gl-OPT1 expression was reduced by a factor of ten. In contrast to the results from day 15, Gl-OPT1, Gl-OPT2, Gl-OPT12, and Gl-OPT13 were up-regulated on day 30 under low carbon conditions, while Gl-OPT4, Gl-OPT5, Gl-OPT10, and Gl-OPT11 were significantly down-regulated to varying degrees. The greatest change in expression occurred in Gl-OPT10, which was drastically reduced under limited carbon resources. In low-nitrogen medium, Gl-OPT6, Gl-OPT10, and Gl-OPT11 were down-regulated in samples from day 15. Similar to the results of low-carbon stress, four
Gl-OPT genes (Gl-OPT1, Gl-OPT2, Gl-OPT12, and Gl-OPT13) were up-regulated and five (Gl-OPT3, Gl-OPT4, Gl-OPT5, Gl-OPT10, and Gl-OPT11) were down-regulated in the samples from day 30.
From the above results, it is clear that all detectable Gl-OPT genes exhibited D r a f t 13 differential expression, under carbon or nitrogen stress. This suggests that G. lucidum does indeed employ the OPT family under nutrient stress. In addition, the transcriptional profiles of Gl-OPT genes changed significantly over time, which may be in response to the changing concentrations of nutrients during the course of incubation. As the nutrient supply decreases, relevant transport systems may be up-or down-regulated in order to the environment.
Analysis of Gl-OPT expression in response to heavy metals
OPT genes are suspected to play roles in long-distance heavy metal transport in fungi and plants. To examine whether the expression of Gl-OPT family members is regulated by heavy metal stress, G. lucidum hyphae were cultured in the presence of 200 mM CdCl 2 and Pb(NO 3 ) 2 . Among the 13 Gl-OPT genes, ten genes exhibited differential expression patterns under heavy metal stress treatment, while no transcripts were detected for three genes (Gl-OPT7, Gl-OPT8 and Gl-OPT9) (Fig. 5 , Table S3 ).
In response to lead treatment, the expression levels of four genes (Gl-OPT10, Gl-OPT11, Gl-OPT12 and Gl-OPT13) were reduced in samples from day 15. In contrast, with the exception of Gl-OPT10 and Gl-OPT13, lead stress enhanced the transcription of all other detectable Gl-OPT genes in sample from day 30. Gl-OPT13 was down-regulated and Gl-OPT10 expression remained stable under lead treatment in the samples from 30.
In response to cadmium treatment, the expression levels of seven genes (Gl-OPT1, Gl-OPT4, Gl-OPT5, Gl-OPT10, Gl-OPT11, Gl-OPT12 and Gl-OPT13) were decreased and that of one gene (Gl-OPT2) was increased in the samples from day 15, Cadmium stress lead Transcriptional profiles of most Gl-OPT genes were changed under low glucose or asparagines conditions. One possible explanation for this is that G. lucidum does employ the function of this family to adapt nutrimental stress. Although Gl-OPT6 expression was not detected under several normal growth conditions, this gene was specifically up-regulated under cadmium treatment (Fig. 5) . Interestingly, a lot of detectable Gl-OPT genes were up-regulated under heavy metal treatment after 30 days, with only Gl-OPT13 being down-regulated. Transcriptional profile of Gl-OPT gene family did change greatly during the later growth stage, which might a response to the changing concentrations of the metals during the course of incubation. Although it is premature to conclude that these OPT gens are involved in heavy metal stress in G. lucidum, the above results imply the action of Wintz, H., Fox, T., Wu, Y.Y., Feng, V., Chen, W.Q., Chang, H.S., Zhu, T., and Vulpe, C. 
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